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1. Introduction

Natural frequencies and mode shapes of bone can be
predicted using numerical analysis and finite element
modeling, and measured and validated by modal testing of
laboratory samples. These vibration characteristics are
widely used in clinical diagnostics.

Bone heterogeneity in finite element models affects its
natural frequency. Most previous studies have assumed the
bone material to be homogeneous. Although a few of them
have considered bone to be heterogeneous, the impact of
this assumption on the vibration characteristics of bone has
not been studied much.

This research tries to answer the questions about the
accuracy required for a finite element model to predict the
natural frequencies of the tibia bone and the effect of bone
heterogeneity in finite element models. Another problem
this study tries to focus is, for assigning the elastic modulus
of bone material in the heterogeneous model, which
density-elasticity relationship proposed in previous studies
can predict a more accurate natural frequency for bone.

A cow tibia bone was prepared and subjected to modal
test. The experimental results of the modal test were
compared with the results of the 3D finite element model
created from the bone CT scan images. Inhomogeneity
based on the proposed density-elasticity relationships was
applied element by element (continuous) and regionally
based on a tolerance (discrete) in the model. Comparing the
results of heterogeneous models with experimental results
shows that the first five frequencies, a discrete
heterogeneous model with 20 regions, can predict the
natural frequencies with an error of less than 2%.

2. Method

The tibia bone sample was hung by elastic bands in two
positions, anterior-posterior and lateral-medial, and was
knocked by impact hammer in three different directions:
vertical Y, horizontal X, and longitudinal Z in the proximal
and distal positions of the bone. In each test, the position
of the accelerometer was changed between three different
points: proximal, distal, and medial. Figure 1 shows the

position of the accelerometer mounted on the bone. Graphs
of frequency response and phase difference functions were
obtained and the first five identifiable natural frequencies
of the tibia bone were calculated by the peak picking

Figure 1. Position of the accelerometer on the bone: (a)
Anterior-posterior; (b) Lateral-medial position of the sample

The tibia bone was scanned using a GE Hi-Speed
Single Slice CT Scan Machine. In the imaging, the
thickness of the slices was 1 mm and the pixel resolution
was 1280 x 1024. A three-dimensional geometric model of
the sample was created using CT scan images and Mimics
software, with appropriate separation and thresholding for
the Hounsfield unit. Figure 2 shows the 3D geometric
model created in Mimix software.

0 |

Figure 2. 3D geometric model of tibia bone in Mimics
software

The intensity of grayness of CT images, which is
characterized by CT numbers or Hunsfield units (HU), can
be linearly related to tissue density in living tissues. The
following three common Hounsfield -density relationships
have been proposed for bone in previous research, where
pery is the effective density of bone.

pess(kg/m3) = 0.523HU + 1000 Q)
pesr(kg/m3) = 0.464HU + 1000 2
pess(kg/m3) = 0.635HU + 1000 (3)
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Various mechanical tests of previous studies have
shown that there is an exponential relationship between
bone density and elastic modulus. The following
relationships are three important density-elastic modulus
relationships. in which the density is in gr/cm?

E(GPa) = 3.79p%,p “
E(GPa) = 3.26p%%) 5)
E(GPa) = 6.85p%1 (6)

After creating the geometric model, the material
properties are assigned to the model in Mimics software.
By using the lowest and highest Hounsfield units in the
bone CT image, the range of bone density changes can be
obtained. Now this interval can be divided into a specific
number of region. In this way, the discrete heterogeneous
model of the bone is created.

After segmenting and assigning properties to the regions
of the model in Mimix, the model was entered into Abaqus
and based on the same regions in Mimix, it was transferred
to Abaqus. By meshing the model in Abaqus with second-
order tetrahedral elements of C3D10 type, natural
frequencies and mode shapes were determined. Following

the mesh sensitivity analysis, the optimal mesh size was
obtained. The number of optimal elements is 432782.
Figure 3 shows the bone model with assigned materials in
Mimics and the finite element model of heterogeneous
bone in Abaqus.

(@)

(b)

Figure 3. a) The bone model with assigned materials in
Mimics. b) The finite element model of heterogeneous bone
in Abaqus

4. Results and discussion
After the bone modal test, all 36 frequency response graphs
were transferred to MATLAB and drawn. Figure 4 shows

two examples of bone frequency response functions drawn
in MATLAB.
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Figure 4. Two examples of bone frequency response functions drawn in MATLAB
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Table 1. The first five frequencies of each of the homogeneous, discrete heterogeneous, and continuous heterogeneous
models

The the
position impact first Sec. | third | fourth | fifth
of the direction | freq. | freq. | freq. freq. freq.
sample Hammer

Anterior axis Y 663 832 | oot | evieis | aeennn
- axis X 674 830 1114 | ...... | ......

posterior axis 7 veenee | eeeeen 1125 | ...... 1992
lateral axis Y 658 | ceeeee | veeeee | eeeeee ] e
e axisx [ess [83 [ ... 1 .. [..

axis Z 670 844 | ...... 1711 | ......
Mean value and 665+ | 835+ 1120 1711 1992

standard deviation 712 6/3 +7/8

Table 2. The first five frequencies of the discrete heterogeneous model based on the number of regions

Bone natural frequencies (Hz)

Density- . = - -
elasticity Bone model zo|l 5| 25 Eg| ¢
relationship = £ 51 £ = £ g & E =
- &« = £ - -
Homogenous 795 995 1492 2502 | 2944
Calr{t:;e:“d Discrete 672 | 847 | 1129 | 1717 | 1999
Keller heterogeneous = ees™=ge T 1151 | 1955 | 2229

(40 regions)
Morgan 688 864 1225 2328 | 2537
Carter and Continuous 670 | 845 | 1127 | 1715 | 1995
Hayes heterogeneity
Keller (432782 681 856 1149 1952 | 2224
Morgan regions) 685 | 860 1220 | 2322 | 2530
Modal test 665 835 1120 1711 | 1992
ZJV\K
First mode shape Sccond mode shape
(Bending in the XZ plane) (Bending in YZ plane)

Third mode shape

(twisting around the Z axis)

Y
z "L'X
Fourth mode shape Fifth mode shape
(Bending in the X7 plane) (Bending in YZ plane)

Figure 5. The first five mode shapes of the tibia bone
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By solving each of the homogeneous, discrete
heterogeneous and continuous heterogeneous finite
element models, the first five non-zero frequencies of each
model are listed in Table 1. Moreover, Figure 5 shows the
first five mode shapes of bone. It can be seen that the
values of the natural frequencies obtained according to the
density-elasticity relationship of Carter and Hayes are
closer to the natural frequencies obtained from the modal
test with an error of less than 1%.

Moreover, Table 2 shows the first five frequencies of
the discrete heterogeneous model based on the number of
regions of the model. The results show that when the
number of regions in the model exceeds 20, the difference
of the frequencies obtained from the finite element models
with the results of the modal test of bone decreases to
below 1%

5. Conclusion

The results of this research show that although the use of
continuous inhomogeneous models can probably give
more accurate results in static analyses such as stress and
strain analysis, in vibration analysis and natural
frequencies of bone, a simpler discrete inhomogeneous
model with 20 sections can obtain natural frequencies
close to experimental values (less than 1% error) with less
cost and shorter time.
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Investigating the Effect of Tibia Bone Heterogeneity on Natural Frequency Using Modal Test and
Finite Element Modeling

Hamid Dehghan Tarzjani Mohammad Ali Nazari Mohammad Mahjoob

Abstract The natural frequencies and mode shapes of bone are widely used in the diagnosis of bone fracture healing,
bone remodeling, osteoporosis diagnosis, and implant-bone interaction. These characteristics can be estimated using
numerical analysis and finite element modeling and measured and validated by modal testing of laboratory samples.
Bone heterogeneity in finite element models affects its natural frequency. In this research, the effect of bone heterogeneity
and density-elasticity relationships on the natural frequency of bone and the accuracy of their estimation have been
investigated. A cow tibia bone was prepared and subjected to modal test. The experimental results of the modal test were
compared with the results of the 3D finite element model created from the bone CT scan images. Inhomogeneity based
on the proposed density-elasticity relationships was applied element by element (continuous) and regionally based on a
tolerance (discrete) in the model. Comparing the results of heterogeneous models with experimental results shows that
there is very little difference between the natural frequencies of discrete and continuous heterogeneous models. So, for
the first five frequencies, a discrete heterogeneous model with 20 regions can predict the natural frequencies with an
error of less than 2% with less cost and shorter time.

Key Words Natural Frequency, Mode Shapes, Tibia Bone, Bone Heterogeneity, Modal Test, Finite Elements.
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